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It has been demonstrated that the efficient attachment of pseudorabies virus (PrV) is mediated by an interaction between
glycoprotein C (gC) and a cellular heparin-like substance (T. C. Mettenleiter, L. Zsak, F. Zuckermann, N. Sugg, H. Kern, and
T. Ben-Porat, J. Virol. 64, 278–286, 1990). According to the prevalent concept, this interaction is likely to occur between
clusters of basic residues of PrV gC and the negatively charged sulfate esters and carboxylate groups of heparan sulfate/
heparin. To elucidate which of the three major types of sulfate groups of heparan sulfate/heparin are involved in the
interaction with PrV, we used selectively N-, 2-O-, and 6-O-desulfated samples and other modified heparins as competitors
in virus-attachment assays. PrV exhibited limited preference for the specific sulfate groups of heparan sulfate/heparin in
accordance with a hierarchy of 6-O-  2-O-  N-sulfates. In addition, since selective removal of any of the specific sulfates
had only a slight effect on the competition capacity of heparin, it is likely that the combination of any two of three types of
sulfate groups could contribute to an interaction with PrV with an efficiency nearly equal to native, fully sulfated heparin.
When tested on different cell lines the pattern of PrV requirement for the specific O-sulfate groups, i.e., 6-O-sulfates  2-
O-sulfates, remained the same. However, different minimum lengths of heparin fragments were required to inhibit PrV
attachment to different cell lines, suggesting a relative virus flexibility in accommodation to different forms of heparan
sulfate. q 1996 Academic Press, Inc.
INTRODUCTION (Whealy et al., 1988; Mettenleiter et al., 1990; Zsak et al.,
1991; Karger et al., 1995).
Several members of the family Herpesviridae have so HS glycosaminoglycan chains, a heterogeneous family of
far been reported to interact with cell surface heparan molecules related to heparin, are composed of alternating
sulfate (HS). These include herpes simplex virus types 1 glucosamine and uronic acid residues. The glucosamine
and 2 (HSV-1, HSV-2) (WuDunn and Spear, 1989), pseu- can be either N-sulfated or N-acetylated and contains an
dorabies virus (PrV) (Mettenleiter et al., 1990), bovine O-sulfate ester at C-6. The uronic acid exists as either a
herpesvirus 1 (Okazaki et al., 1991; Liang et al., 1991), glucuronic or an iduronic acid epimer and can be O-sul-
varicella zoster virus (Zhu et al., 1995), human cytomega- fated at C-2. In contrast to heparin chains which are exten-
lovirus (Kari and Gehrz, 1993; Compton et al., 1993), and sively sulfated, HS chains are less extensively modified and
bovine herpesvirus 4 (Vanderplasschen et al., 1993). the sulfate groups are unevenly distributed over the chains
Thus, interaction with HS seems to be a relatively fre- due to incompleteness of modification in each step of HS
quent mechanism by which herpesviruses initiate infec-
biosynthesis (for review see Lindahl et al., 1994). The disac-
tion of cells.
charide units with N-sulfated glucosamine tend to form
As with other alphaherpesviruses, it has been demon-
clusters composed of approximately 2 to 10 units. These
strated that envelope glycoprotein C (gC) of PrV is a
clusters are separated by similar or longer blocks of disac-
major component that interacts with cell surface HS moi-
charide units containing N-acetylated glucosamine, and by
eties (Mettenleiter et al., 1990; Karger et al., 1995) prior to
stretches composed of alternating N-sulfated and N-ace-virus binding to an undefined secondary receptor (Karger
tylated glucosamine units. 2-O-sulfation of iduronic acidand Mettenleiter, 1993). Although invasion of cells with
and 6-O-sulfation of glucosamine are restricted to the N-PrV can occur in the absence of both viral gC and cell
sulfated blocks (for recent reviews see Lindahl et al., 1994;surface HS (Karger et al., 1995), a gC–HS interaction is
Maccarana, 1994). Thus, the HS glycosaminoglycan chainrequired for efficient virus attachment and entry into cells
can be described as linear blocks of saccharides with ex-
tensive sulfation, interspersed by regions of essentially non-
sulfated saccharide residues and by stretches with modest1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 46-31-604960. sulfation.
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According to the general concept of molecular recogni- was performed by lyophilization at pH 12.5 as described
(Jaseja et al., 1989) (sample 3). N-desulfation was per-tion of HS/heparin by proteins (Cardin and Weintraub,
1989), the PrV binding to HS/heparin is likely to rely on formed on the pyridiminium salt of heparin in DMSO:H2O
(19:1) at 507 for 90 min (Inoue and Nagasawa, 1976)an interaction between clusters of basic amino acid resi-
dues of gC and negatively charged sulfate/carboxylate (sample 2). Preferential 6-O-desulfation was performed
in DMSO:MeOH (9:1) at 937 for 2 hr (preparations 5 andgroups of HS/heparin. Because HS is one of the most
negatively charged molecules in the body, an important 6) and at 937 for 8 hr (preparations 8 and 9) (Nagasawa et
al., 1977). O-desulfated heparin chains were N-resulfatedissue is the specificity of PrV–HS interactions. Does PrV
recognize a specific pattern of sulfate groups of HS, or (Lloyd et al., 1971), whereas N-desulfated heparin was
N-acetylated (Danishevsky and Steiner, 1965) as de-does a relatively nonspecific, HS-sequence-independent
charge interaction take place between PrV and HS? Does scribed. In addition, two other preparations of 2-O- and
6-O-desulfated heparin (provided by A. Naggi and G.PrV interact in a similar manner with different forms of
HS expressed on the surfaces of various cell types? Are Grazioli, Institute G. Ronzoni, Milan, Italy) (Maccarana et
al., 1993) were used (samples 4 and 7). Completely N/there any differences between PrV and other HS-binding
herpesviruses in their requirement for HS sequences? O-desulfated, N-acetylated heparin was prepared as de-
scribed by Jacobsson et al. (1979). Even-numbered hepa-These and other issues concerning PrV–HS interaction
were addressed in the present study. In addition to using rin oligosaccharides were obtained by partial deamina-
tive cleavage of the polysaccharide at the N-sulfated glu-HS preparations of various sulfate content and size-frac-
tionated heparin fragments, selectively desulfated prepa- cosamine units by nitrous acid at pH 1.5, followed by
reduction of the resulting 2,5-anhydro-D-mannose resi-rations of heparin were employed to examine structural
features of HS/heparin that are of importance for interac- dues with sodium borohydride (Pejler et al., 1988).
tion with PrV. Our results revealed (i) a limited preference
of PrV for the specific sulfate groups of HS/heparin and PrV attachment in the presence of HS/heparin
(ii) a virus flexibility in accommodation to HS forms ex-
All experiments were carried out at 47 (cold room).pressed on the surfaces of different cell lines.
Serial fivefold dilutions of the indicated compound in 2
ml of Hanks balanced salt solution (without phenol red
MATERIALS AND METHODS and bicarbonate components) were mixed with 200 ml of
the same medium containing approx 200 PFU of PrV andCells and viruses
incubated for 15 min. Confluent, dense monolayers (2 to
Rabbit kidney (RK-13), Madin–Darby bovine kidney 3 days old) of RK-13, MDBK, MDCK, or GMK AH1 cells
(MDBK), Madin-Darby canine kidney (MDCK), and African in six-well plates, precooled for 20 min at room tempera-
green monkey kidney (GMK AH1) cells were cultivated ture and for 20 min at 47, were washed with 2 ml of
in Eagle’s minimum essential medium supplemented Hanks medium and then 1-ml portions of the virus–HS/
with 4% heat-inactivated fetal bovine serum and 1% tri- heparin mixture were added. Following an adsorption for
cine (MDCK) or 0.05% Primaton RL substance (GMK 1 hr, the cells were washed twice with 2 ml of Hanks
AH1). The wild-type PrV Becker strain (Robbins et al., medium and overlaid with 4 ml of Eagle’s medium con-
1984) and its derivatives PrV523 and PrV509 (Flynn et al., taining 1% methylcellulose, 2% fetal bovine serum and
1993) were used. PrV523 contains a gC gene with an in- antibiotics. The plaques were stained with crystal violet
frame deletion of codons 25 to 157, whereas all but the solution after 2 (MDCK, RK-13) or 3 (GMK AH1, MDBK)
final 28 gC codons are deleted in PrV509. The latter strain days of incubation at 377. The concentrations of heparin
therefore represents a gC-null mutant. preparations able to inhibit the number of viral plaques
by 50% (IC50) were interpolated from the dose–response
HS and modified heparins curves.
Two HS preparations from pig intestinal mucosa with
RESULTSan average of 1.5 and 0.7 sulfate groups per disaccharide
unit and a human aorta preparation with approx 0.6 sul- Requirement of PrV for specific sulfate groups of
fates per disaccharide (provided by W. Murphy, Mel- heparin
bourne, Australia) were those described in detail else-
where (Lycke et al., 1991) (Table 1, samples 10, 11, and In our preliminary experiment we found that com-
pletely desulfated heparin (O- and N-desulfated) did12). Heparin modifications were performed on bovine
lung heparin (Table 1; sample 1) which had been isolated not interfere with wild-type PrV binding to RK-13 cells
(data not shown). Thus, knowing that sulfate groups ofand purified as described (Lindahl et al., 1965). Figure 1
shows the positions of sulfate groups of heparin sub- heparin are critical determinants for PrV binding, we
tested the effect of selectively 2-O-, 6-O-, or N-desul-jected to selective removal. Selective 2-O-desulfation
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TABLE 1
Structural Features and Antiviral Activities of Modified Heparins and HS Samples
% of disaccharide units with
Sulfate groups per
Sample Preparation disaccharide unit N-sulfates 2-O-sulfates 6-O-sulfates IC50 (mg/ml)a
1. Native heparin, bovine lung 2.4 97 80 88 0.074
2. N-desulfated N-acetylated 1.5 0b 76 85 0.043
3. 2-O-desulfated N-resulfated 1.7 97b 1 88 0.11
4 2-O-desulfated 1.5 90c 4 77 0.15
5. 6-O-desulfated N-resulfated 1.5 97b 61 10 0.21
6. 6-O-desulfated N-acetylated 0.6 0b 61 10 11.18
7. 6-O-desulfated N-resulfated 1.4 94 51 12 0.52
8. 6-O-desulfated N-resulfated 1.2 97b 31 3 25
9. 6-O-desulfated N-acetylated 0.3 0b 31 3 25
10. Heparan sulfate, pig intestinal mucosa 1.5 0.13
11. Heparan sulfate, pig intestinal mucosa 0.7 25
12. Heparan sulfate, human aorta 0.6 13.42
a Values calculated from Figs. 2 and 4.
b Data assumed based on literature and completeness of reaction.
c Contains approximately 8.8% of free amino groups.
fated preparations of heparin on PrV attachment to RK- alkaline 2-O-desulfation resulted in limited N-desulfation,
one of the samples (3) was N-resulfated to substitute13 cells. We reasoned that if a specific sulfate group,
or a particular combination of groups, is critical for all free amino groups that could interfere through their
positive charge in the interaction with the virus. Howeverinteraction with PrV, then the selectively desulfated
sample of heparin would poorly or not at all compete neither the presence of free amino groups (in 4) nor the
N-resulfation of sample 3 had a significant effect on thewith cell surface HS for binding to PrV.
Native heparin (Table 1, sample 1) could compete with activity of these preparations. This indicated that in the
presence of N- and 6-O-sulfation, the 2-O-sulfates werecellular HS for virus attachment at 74 ng/ml (Fig. 2, Table
1). Removal of the N-sulfate groups, followed by N-ace- of little importance. Note, however, that 2-O-sulfates were
much more important that the N-sulfates in the samplestylation of the resulting free amines (sample 2), did not
affect the competition capacity of heparin. This indicated that lacked 6-O-sulfation. Compare samples 5, 6, and 8
in which complete N-desulfation of sample 6 had a lessthat the N-sulfate groups were expendable in the pres-
ence of O-sulfation. However, the N-sulfate groups ap-
peared to be important for PrV interaction with heparin
that lacked 6-O-sulfation: compare samples 5 and 6 in
which only the preparation retaining N-sulfation signifi-
cantly competed with cell surface HS. Selective 2-O-de-
sulfation (samples 3 and 4) only slightly reduced hepa-
rin’s ability to interfere with virus binding to cells. As
FIG. 2. Effects of modified heparin preparations on PrV attachment
to RK-13 cells. PrV attachment assays were performed in the presence
of fivefold (log5) increasing concentrations of modified heparin as de-FIG. 1. Repetitive disaccharide unit of heparin. The dotted-line rect-
angle shows the position of the 2-O-sulfate group of iduronic acid scribed under Materials and Methods. The results are expressed as
the percentage of plaques formed in the absence of modified heparin.whereas the solid-line rectangle indicates the position of the 6-O-sul-
fate group of glucosamine. The ellipse depicts the position of the N- Two separate experiments were carried out in duplicate for each sam-
ple. Numbers that follow each sample refer to Table 1.sulfate group of glucosamine.
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pronounced effect than the partial removal of 2-O-sul-
fates in sample 8. The 6-O-desulfated samples were the
least efficient competitors (5–9). As 6-O-desulfation is
accompanied by partial 2-O-desulfation, three 6-O-desul-
fated preparations with different extents of 2-O-desulfa-
tion were compared (5, 7, and 8). Their competition
capacity correlated to the density of the remaining 2-
O-sulfate esters; preparation 5 retaining approx three-
quarters of all 2-O-sulfates had a three times lower effi-
ciency than native heparin. A near-complete removal of
6-O-sulfate groups, accompanied by a significant loss of
2-O-sulfates and a preservation of a native density of N-
sulfates (8), led to complete inactivation of this heparin
preparation although the charge density was similar to
some of the other modified preparations with better inhib-
itor activity (compare 8 with 4 and 7). This indicated that FIG. 4. Effects of HS preparations on PrV attachment to RK-13 cells.
HS samples containing on average approx 0.6, 0.7, and 1.5 sulfatealthough parallel loss of 2-O-sulfates during chemical 6-
groups per disaccharide unit were tested in two separate experimentsO-desulfation made the interpretation of the data difficult,
as described in Fig. 2.it is likely that the 6-O-sulfates might represent the most
important component for interaction with PrV. Overall,
removal of only one type of sulfate group had a slight O-desulfated samples of heparin did not interfere with
effect on the ability of heparin to compete with cell sur- attachment of these mutants to RK-13 cells, whereas hep-
face HS for binding to PrV; however, 6-O- and 2-O-sul- arin exhibited weak activity. In a similar experiment on
fates were more important than N-sulfates in the samples MDBK cells, heparin, at the highest concentration tested,
exhibiting lower sulfate density than native heparin. did not inhibit PrV binding by more than 50% (data not
These indicated (i) that PrV exhibited limited preference shown).
for the specific sulfate groups of heparin in accordance In addition to heparin samples, three different prepara-
with a hierarchy of 6-O-sulfates  2-O-sulfates  N- tions of HS were used (Fig. 4). Intestinal mucosal HS
sulfates and (ii) that the full sulfate potential of heparin with the overall charge density of 1.5 sulfates per disac-
was not required for an efficient interaction with PrV. charide unit (sample 10) was only a slightly less effective
In a control experiment, native heparin and 2-O- (4) competitor than the more densely sulfated native heparin
and 6-O-desulfated heparin (7) were tested with PrV509, (for comparison see Table 1). Note that the competition
a gC-null strain, and PrV523, a gC mutant which lacks capacity of this HS preparation was comparable to those
the major part of the HS-binding determinant (Fig. 3). of selectively O-desulfated heparins that exhibited similar
overall charge density (samples 3, 4, and 5). Two other
HS preparations with a lower degree of overall sulfation
(11 and 12) were approx 100-fold less effective competi-
tors, similar to extensively desulfated heparin (Table 1,
sample 6). Note that 2-O-sulfates are the major compo-
nent left in heparin preparation 6. These groups are car-
ried by iduronic acid, a molecule known to possess a
unique conformational flexibility (Casu et al., 1988). This
may explain why the competition capacity of that sample
was comparable to that of the similarly charged heparan
sulfate (12) and was superior to the more densely sul-
fated preparation of heparin (8) that contained mainly N-
sulfates carried by a relatively rigid glucosamine residue.
The pattern of PrV sensitivity to specific heparin
preparations on RK-13 cells can be extended to other
FIG. 3. Effects of modified heparins on PrV509 and PrV523 attach-
cell linesment to RK-13 cells. Heparin and 2-O-desulfated (sample 4 in Table 1)
and 6-O-desulfated (sample 7 in Table 1) heparin were tested for their
Native heparin and samples 4 (2-O-desulfated) and 7ability to inhibit virus attachment to RK-13 cells as described in the
(6-O-desulfated) were tested for their ability to inhibit PrVlegend to Fig. 2. Each point represents the mean of four determinations
from two experiments. attachment to other cell lines. Overall, the profiles of
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wild-type PrV sensitivity to these samples on GMK AH1,
MDBK, and MDCK cells (Fig. 5) resembled that observed
with RK-13 cells (Fig. 2). In particular, IC50 values were
similar for RK-13, GMK AH1, and MDBK cells, but PrV
attachment to MDCK cells was generally fivefold more
sensitive to competition with any of the forms of heparin.
On all cell lines, loss of the 6-O-sulfate group appeared
to impair heparin’s inhibitory effects slightly more so than
removal of the 2-O-sulfate group, supporting the pre-
viously postulated hierarchy of 6-O-sulfates  2-O-sul-
fates.
Different minimum lengths of heparin fragments are
required for inhibition of PrV attachment to different
cell lines
If a putative sequence of heparin/HS, necessary for
interaction with PrV gC, is restricted to a particular num-
ber of consecutive disaccharide units then, irrespective
of the cell culture tested, a specific minimum-size frag-
ment of heparin comprising this sequence may bind to
PrV and thereby interfere with virus attachment to cell
surface HS. We therefore tested the effect of size-frac-
tionated heparin oligosaccharides, composed of 4 to 14
monosaccharide units, on PrV attachment to GMK AH1,
MDBK, or MDCK cells (Fig. 6). The shortest heparin frag-
ment tested, i.e., a tetrasaccharide, competed with MDCK
cell surface HS for PrV attachment, and the competition
capacity increased with increasing size of the oligosac-
charide fragments. Longer heparin fragments, i.e., 10-
and 12-saccharides, were required to compete with HS
on the surfaces of MDBK and GMK AH1 cells, respec-
tively. These results indicated relative differences in the
HS sequences recognized by PrV on the surfaces of
different cell lines.
DISCUSSION
We have used different modified heparins as tools to
elucidate the interactions between PrV and cell surface
HS. Selective removal of the N-, 2-O-, or 6-O-sulfate es-
ters of heparin allowed us to test for the involvement of
defined types of sulfate groups in the interaction with
PrV. Since gC is a heparin-binding protein (Mettenleiter
et al., 1990, Sawitzky et al., 1990) and was reported to
be the only PrV glycoprotein able to interact with cell
surface HS (Karger et al., 1995) our results, obtained with
whole virions, can be viewed in the light of attachment
functions of gC. However, we observed some weak inhib-
itory effect of heparin on PrV gC-negative mutants. Thus, FIG. 5. Effects of modified heparins on PrV attachment to different
one cannot exclude that our data might be slightly influ- cell lines. Heparin and 2-O-desulfated (sample 4 in Table 1) and 6-O-
desulfated (sample 7 in Table 1) heparin were tested for their abilityenced by the functions of another heparin-binding glyco-
to inhibit virus attachment to MDCK, MDBK, and GMK AH1 cells asprotein of PrV, gB.
described in the legend to Fig. 2. For MDCK and GMK AH1 cells, the
Singular removal of only one type of sulfate group re- presented data represent means of four individual determinations from
sulted in a slightly less effective competitor than native, two separate experiments. For MDBK cells, means of two replicates
fully sulfated heparin. While removal of N-sulfates had from a single experiment are shown.
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These patterns are to some extent distinct from that
found with PrV in the present study, suggesting that dif-
ferent herpesviruses may interact with partly different,
perhaps overlapping, structural features of HS/heparin.
In addition to the ranking of individual types of sulfate
groups, there was also an overall charge effect observed.
This was mainly reflected by the different species of HS.
In spite of the HS-specific fine structures of these prepa-
rations, their potencies were comparable to those of arti-
ficially desulfated samples of heparin that exhibited simi-
lar overall charge density. However, further species of
HS need to be tested to generalize this observation.
HS represents a family of heterogeneous molecules
and significant differences with respect to expression
pattern, chain sulfation pattern, and chain length occur
between HS species expressed on the surfaces of vari-
ous cell types. PrV is nevertheless able to follow a HS-
dependent mode of attachment on different cell cultures.
Due to a nonuniform distribution of sulfate groups in HS,
FIG. 6. Effect of size of heparin fragments on PrV attachment to different cell lines could provide a different extent of
different cell lines. Heparin oligosaccharides (25 mg/ml) composed of highly sulfated sequences for virus interaction. We ob-
4 through 14 monosaccharide units were tested for their ability to inhibit
served that different minimum sizes of heparin fragmentsvirus attachment to MDCK, MDBK, and GMK AH1 cells. Values are
were required to compete with HS expressed on themeans of four determinations from two experiments.
surfaces of MDCK, MDBK, and GMK AH1 cells for binding
to PrV. These differences could, at least in part, be ex-
plained by our recent studies which indicated that inno functional effect as long as these were the only sulfate
groups removed, the displacement of either 2-O- or 6-O- contrast to GMK AH1 cells, the form of HS expressed on
the surface of MDCK cells is poorly sulfated (Gustafssonsulfates alone had only a slight effect. These results point
out that there seems to be no absolute PrV requirement et al., manuscript in preparation). Thus it is likely that the
differential PrV sensitivity to heparin fragments on thesefor a specific sulfate group either as a single determinant
or within a specific sequence as, for instance, in the cells reflected differences in the endogenous HS struc-
tures the virus made use of. Our hypothetical model ofcase of the antithrombin-binding sequence of heparin
containing a unique 3-O-sulfated glucosamine unit within PrV accommodation to HS expressed on the surfaces of
various cells is shown in Fig. 7.a pentasaccharide sequence (Lindahl et al., 1984). The
relative order of importance of particular sulfate groups The HS/heparin binding determinant of PrV gC has
been localized to the amino-terminal one-third portion offor interaction with PrV could be assessed as 6-O- 
2-O-  N-sulfates. This hierarchy was further supported this glycoprotein (Flynn et al., 1993). A PrV mutant lacking
this region was unable to maintain the gC-dependentby the observation that the relative virus requirement for
O-sulfates, i.e., 6-O  2-O, was maintained in different mode of attachment in all the virus–cell systems tested
so far (Flynn et al., 1993; this report). This region of gCcell lines. Our results also indicate that the full sulfate
potential of heparin, represented by the three major types (Robbins et al., 1986) contains three separate clusters of
basic residues which contribute to the formation of a HS/of sulfate groups, does not seem to be required for an
interaction with PrV since selectively desulfated hepa- heparin-binding domain (Flynn and Ryan, 1996). Experi-
ments with subtle deletion mutants revealed that theserins, which contained any two types of sulfates, exhibited
only a slightly lower activity than native heparin. Thus, it clusters are functionally redundant, i.e., that each of them
can separately support PrV attachment to cell surfaceis likely that PrV may require a combination of any two
of three major types of sulfate groups for an efficient HS (Flynn and Ryan, 1996). Interestingly, when the whole
attachment domain of gC was replaced with a single,interaction with HS/heparin.
By using preparations of selectively desulfated/modi- biochemically defined HS/heparin-binding region from
apolipoprotein B-100, the virus mutant was able to followfied heparin Herold et al. (1995) have recently demon-
strated that N-sulfates, the carboxylate group, and to HS-dependent attachment but not to fully wild-type level
and not in all cell lines tested (Flynn and Ryan, 1995),some extent also 2-O-sulfates were critical determinants
for interaction with a HSV-1 gC-null strain, whereas 6-O- suggesting that the wild-type gC protein endows the virus
with flexibility to adapt to different HS species. Thus, weand N-sulfates (if the N-desulfation was not followed by
acetylation) were of importance for wild-type HSV-1. suggest that the purpose for the presence of several HS-
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tive HS chains recognized by a monoclonal antibody (Da-
vid et al., 1992) was shown to be extensively expressed
in specific regions of the rat brain such as the subgranu-
lar zone of the dentate gyrus of the hippocampal forma-
tion (Fuxe et al., 1994). Both studies of patients with HSV-
1–encephalitis (Esiri, 1982) and experimental infection
of rats (Bergstro¨m et al., 1991) identified this brain region
as a major target area of HSV-1 invasion. Further studies
are needed to determine whether the sites important for
initiation of herpesvirus infections such as the epithelial
cells that line the oronasal cavity or sensory nerve end-
ings are enriched in HS structures.
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